Survival requires that living organisms continuously monitor environmental and tissue pH. Animals sense acidic pH using ion channels and G-protein-coupled receptors (GPCRs), but monitoring of alkaline pH is not well understood. We report here that in the nematode Caenorhabditis elegans, a transmembrane receptor-type guanylyl cyclase (RGC), GCY-14, of the ASEL gustatory neuron, plays an essential role in the sensing of extracellular alkalinity. Activation of GCY-14 opens a cGMP-gated cation channel encoded by tax-2 and tax-4, resulting in Ca 2+ entry into ASEL. Ectopic expression of GCY-14 in other neurons indicates that it accounts for the alkalinity sensing capability. Domain-swapping and site-directed mutagenesis of GCY-14 reveal that GCY-14 functions as a homodimer, in which histidine of the extracellular domains plays a crucial role in alkalinity detection. These results argue that in addition to ion channels and GPCRs, RGCs also play a role in pH sensation in neurons.
Survival requires that living organisms continuously monitor environmental and tissue pH. Animals sense acidic pH using ion channels and G-protein-coupled receptors (GPCRs), but monitoring of alkaline pH is not well understood. We report here that in the nematode Caenorhabditis elegans, a transmembrane receptor-type guanylyl cyclase (RGC), GCY-14, of the ASEL gustatory neuron, plays an essential role in the sensing of extracellular alkalinity. Activation of GCY-14 opens a cGMP-gated cation channel encoded by tax-2 and tax-4, resulting in Ca 2+ entry into ASEL. Ectopic expression of GCY-14 in other neurons indicates that it accounts for the alkalinity sensing capability. Domain-swapping and site-directed mutagenesis of GCY-14 reveal that GCY-14 functions as a homodimer, in which histidine of the extracellular domains plays a crucial role in alkalinity detection. These results argue that in addition to ion channels and GPCRs, RGCs also play a role in pH sensation in neurons.
Results and Discussion

ASEL Neuron Senses Environmental Alkalinity
Environmental alkalinity is an attractive cue for C. elegans, and the wild-type animal prefers alkaline conditions up to pH 10.4 [1, 2] . To investigate cellular and molecular bases for C. elegans chemotaxis toward higher alkaline pH, we used agar plates with a pH gradient ranging from 6.8 to 8.3, which was created by streaking potassium hydroxide (KOH) solutions across the agar ( Figure 1A and Figure S1 available online). To minimize the effect of K + , which is also an attractant for C. elegans, we included 50 mM potassium acetate (CH 3 COOK) in the agar (refer to Figures S1B and S1C and their figure legends). On the assay plates with a pH gradient, C. elegans was attracted by alkaline pH, not by K + . Wild-type animals placed along a line marked in the middle of the assay plate moved toward higher pH regions, whereas dyf-3 mutants, which are insensitive to gustatory stimuli because of their truncated sensory cilia [3, 4] , and che-1 mutants, defective in a pair of ASE gustatory neurons, were not attracted to alkaline pH ( Figure 1B ). The che-1 gene, encoding a GLASSlike zinc-finger protein, is required for functional differentiation of ASE, and its mutant is almost completely insensitive to cues normally detected by ASE [5] [6] [7] [8] . These results indicate that C. elegans senses alkaline pH mainly through a pair of ASE gustatory neurons, ASE-left (ASEL) and ASE-right (ASER), which are major sensors for water-soluble attractants.
ASEL and ASER are asymmetric in sensitivity to attractive ions such as Na + and Cl -, respectively [9, 10] . Therefore, we examined which sensory neuron serves as a sensor for alkaline pH by analyzing wild-type animals whose ASEL and/or ASER had been ablated by laser microsurgery. Animals lacking ASEL distributed almost equally to both higher and lower pH regions, whereas animals lacking ASER moved toward higher pH just as intact wild-type animals do ( Figure S1K ). Furthermore, the chemotactic defect of dyf-3 mutants was reversed by specific expression of the wild-type dyf-3 gene in ASEL, whereas specific expression of dyf-3 in ASER did not (Figure 1C) . These results indicate that ASEL, but not ASER, enables alkaline pH sensing.
To analyze alkaline pH sensitivity of ASE neurons in living animals, we carried out in vivo Ca 2+ imaging by specifically expressing GCaMP3, a genetically encoded Ca 2+ indicator [11] , in ASE ( Figures 1D-1F , S1, and S2). ASEL was activated by elevation of pH ( Figure 1D ) and was slightly inactivated by lowering of pH ( Figure 1E ). The amplitude of the Ca 2+ transients was augmented by a stepwise increase (up-step) in pH ranging from 6.8 to 10.0. To determine whether ASEL is the primary sensory neuron for alkaline pH, we measured the amplitude of Ca 2+ transients in ASEL in unc-13 or snb-1 mutants defective in synaptic neurotransmission [12] [13] [14] [15] . When the pH was elevated from 6.8 to 10.0, ASEL of both unc-13 and snb-1 mutants was activated to levels similar to those observed in wild-type animals ( Figures 1F, S1R , S1U, and S1V). These results demonstrate that ASEL functions as the primary, direct sensor of environmental alkalinity in C. elegans. In contrast, ASER of wild-type animals was activated by pH up-steps up to pH 10.0, and by pH down-steps from 10.0-10.9 to 8.1-10.0 ( Figure S2D ). However, ASER activation was not observed at all or was observed at extremely low levels in unc-13 mutants, which were dependent upon alleles analyzed ( Figures 2E, 2F , S2E, and S2F), suggesting that ASER is indirectly activated as a postsynaptic neuron by another unidentified neuron(s).
cGMP and Ca
2+ Signaling Pathways Are Involved in Alkalinity Sensing To find genes involved in alkalinity sensing, we analyzed a series of mutants defective in NaCl chemotaxis (NaCl is mainly sensed by ASE) ( Figure 1B) . In addition to dyf-3 and che-1 described above, tax-2 and tax-4 mutants of cyclic nucleotide gated (CNG) channel subunits [16, 17] were also completely defective in chemotaxis to alkaline pH. In contrast, a mutant defective in cng-3, which encodes another CNG channel a subunit expressed in ASE [18] , did not show a significant defect in alkaline pH chemotaxis. When tax-2 or tax-4 mutants were stimulated by a pH up-step from 6.8 to 10.0, intracellular Ca 2+ levels in ASEL did not change ( Figures 1F and S1S ). These results explain the defect in alkaline pH chemotaxis in tax-2 and tax-4 mutants. The results also account for why ASELspecific expression of TAX-4 in tax-4 mutants completely reversed the defect ( Figure 1C ). These results indicate that TAX-2/TAX-4 CNG channels in ASEL play an essential role in Ca 2+ influx upon environmental alkalinization.
TAX-2/TAX-4 CNG channels are preferentially activated by cGMP over cAMP [16] . In the mutant analysis ( Figure 1B ), we also found that mutations in other genes involved in cGMP signaling significantly affect the animal's chemotaxis toward alkaline pH (p < 0.01). Mutants deficient in egl-4, encoding cGMP-dependent protein kinase (PKG) [19] , and a quadruple mutant defective in pde-1, pde-2, pde-3, and pde-5, encoding phosphodiesterases (PDEs) [20, 21] , were also defective in chemotaxis to alkaline pH, indicating that cGMP-mediated signaling is crucial for environmental alkalinity sensing. Indeed, ASEL of the pde quadruple mutants did not respond to a pH up-step, and extremely weak, long-lasting Ca 2+ transients were observed in ASEL of egl-4 mutants during the stimulation (Figures 1F and S1S) .
Mutants defective in components of intracellular Ca 2+ signal transduction also show impairment in alkaline pH chemotactic activity. For example, tax-6 and ncs-1, encoding homologs of calcineurin A and neuronal calcium sensor, NCS-1, respectively, are expressed in ASE [22] [23] [24] . Mutants in tax-6 and ncs-1 also failed to respond to the alkaline pH gradient in the chemotaxis assay ( Figure 1B) . The Ca 2+ transient amplitude of ASEL in tax-6 in response to pH up-steps was markedly smaller than that of the wild-type, whereas ASEL of ncs-1 could be activated at levels similar to those of the wild-type ( Figures 1F and S1T ). After the Ca 2+ transient reached the maximum level, the decreasing rate of the Ca 2+ concentration in ncs-1 was slower than that in the wild-type (Figures S1T-S1V). These results suggest that tax-6 plays a significant role in Ca 2+ influx into ASEL upon extracellular alkalinization and that ncs-1 may modulate neural activity after Ca 2+ influx and/ or efflux in ASEL.
Alkalinity Sensing Is Mediated by GCY-14
Based on the results above, in which intracellular cGMP signaling is involved in extracellular alkalinization sensing by ASEL, we predicted that for alkalinity sensing, guanylyl cyclases might function upstream of the cGMP-gated channel and PKG. To search for guanylyl cyclase (gcy) genes that might be involved in alkalinity sensing in ASEL, we first knocked down the activity of gcy genes expressed in ASE using RNA interference [25] [26] [27] [28] [29] . Then we confirmed phenotypes by analyzing corresponding deletion mutants. Among six gcy genes known to be expressed in ASEL, only gcy-14 was required for alkaline pH chemotaxis (Figures 2A and S2A ). No gcy gene specifically expressed in ASER was found to be involved in alkalinity sensing, consistent with the results of cell-specific ablation-rescue experiments ( Figure S2A ). It has previously been reported that gcy-14 encodes a receptor-type guanylyl cyclase (RGC) protein and is expressed predominantly in ASEL over ASER [27] . While we confirmed the expression of gcy-14p::gfp in ASEL ( Figure 2B ), we did not observe expression in ASER, or any other cephalic neurons, in five transgenic lines harboring the construct. This discrepancy may be due to differences in the promoter constructs and/or transgenic animals harboring the constructs.
In the putative null allele gcy-14(pe1102), no Ca 2+ transient was observed in ASEL upon extracellular alkaline pH stimulation ( Figures 2D and S2C ). In contrast, decreased Ca 2+ transients were observed in ASER of gcy-14, but not at all in unc-13 animals, which lack synaptic neurotransmission (Figures 2E , 2F, S2E, and S2F), suggesting that sensory neuron(s) other than ASER senses environmental alkalinity. ASEL and ASER have no direct synaptic interactions or electrical connections, but they have indirect connections via interneurons such as AIA and AIB [30] . To examine the possibility that ASEL indirectly activates ASER, we expressed the wild-type gcy-14 gene in ASEL of gcy-14. This expression did not restore Ca 2+ transients in ASER of gcy-14 ( Figures 2E and 2F ), indicating that ASER is activated by alkaline-pH-sensitive neuron(s) other than ASEL. Taken together, these results suggest GCY-14 functions for environmental alkaline pH sensation in ASEL.
GCY-14 Functions as a Homodimer
RGCs function as homo-or heterodimers. For example, C. elegans daf-11 and odr-1 encode a and b subunits of a heterodimeric RGC, respectively, but neither subunit alone has all the amino acid residues essential for catalytic activity [31] . Furthermore, DAF-11/ODR-1, heteromeric RGCs, are required for chemosensation by olfactory AWB and AWC neurons and for phototransduction by ASJ [20, 32] . In contrast, GCY-14 contains all the residues required for guanylyl cyclase activity ( Figures 3A and S3A) . To examine whether GCY-14 functions as a homodimer, we expressed GCY-14 in ASEL of gcy-14 mutants. As controls, we also constructed expression plasmids encoding GCY-14 in which guanylyl cyclase domain (GCD) was swapped with DAF-11 or ODR-1, termed GCY-14::DAF-11 GCD or GCY-14::ODR-1 GCD, respectively. In gcy-14 mutants, Ca 2+ transients in ASEL were restored when the full-length GCY-14 was expressed or when GCY-14::DAF-11 GCD and GCY-14::ODR-1 GCD were coexpressed in ASEL, consistent with their rescue of gcy-14 mutants in alkaline pH chemotaxis ( Figures 3B and S3B) . In gcy-14 mutants singly expressing GCY-14::DAF-11 GCD or GCY-14::ODR-1 GCD in ASEL, in contrast, Ca 2+ transients were not observed after pH up-steps. These results demonstrate that GCY-14 functions as a homodimer in alkaline pH sensing in ASEL.
Histidine in GCY-14 Plays a Role in Extracellular Alkalinity Sensing
To identify a domain that detects environmental alkalinity, we further continued to swap GCY-14 domains with those of DAF-11 and ODR-1 and then to analyze neuronal and chemotactic activities of gcy-14 mutants expressing the recombinant receptor(s). We made GCY-14 chimeras in which the entire intracellular domain (ICD) was swapped with that of DAF-11 or ODR-1. These were termed GCY-14::DAF-11 ICD and GCY-14::ODR-1 ICD, respectively. When these two recombinant gcy-14 constructs were coexpressed in ASEL, Ca 2+ transients in response to environmental alkalinization were significantly recovered (p < 0.01), mimicking levels observed in gcy-14 ASEL coexpressing GCY-14 recombinants with DAF-11 or ODR-1 GCD (Figures 3B and S3B) . Furthermore, chemotactic activity of gcy-14 mutants to alkaline pH was consistently and significantly recovered when GCY-14::DAF-11 ICD and GCY-14::ODR-1 ICD were coexpressed in ASEL (p < 0.05). These results indicated that the extracellular domain (ECD) of GCY-14 is required for environmental alkalinity sensing.
To further analyze the role of GCY-14's extracellular region in environmental alkalinity sensing, we replaced, individually or together, all four histidine residues of the GCY-14 ECD with glutamine ( Figure S3A ). This is because histidine is one of the most sensitive residues to low-alkaline pH because its pKa is close to physiological pH, which could make it a target for alkaline deprotonation [33] [34] [35] [36] . When we analyzed the Figure 1D are also shown as a reference. (E) Ca 2+ transients in ASER of wild-type, gcy-14(pe1102), gcy-14 animals expressing the wildtype gcy-14 gene specifically in ASEL, and unc-13(e450) in response to a pH up-step from 6.8 to 9.1. pH up-steps were at t = 10 s. activity of histidine-replaced receptors by expressing them individually in ASEL of gcy-14 mutants, all of the mutant proteins were localized to the cilium ( Figure S3C ). In all ASEL neurons singly expressing one of the mutant receptors, except for H174Q, Ca 2+ transients were observed upon pH up-steps (Figures 3C and 3D) . Consistently, we restored the chemotactic response of gcy-14 to alkaline pH by singly expressing any of the mutant receptors, except for H174Q ( Figure 3D ). These results suggest that His-174 in the ECD of GCY-14 is essential to environmental alkalinity sensing. Since gcy-14 mutants showed impaired behaviors in NaCl chemotaxis [9] , GCY-14 may also be involved in NaCl sensing by ASE. Indeed, significant decreases in Ca 2+ responses to environmental NaCl concentration increases were observed in gcy-14(pe1102). By expressing the histidine-substituted GCY-14 in ASEL of gcy-14, we restored the decreased Ca 2+ response to a level comparable to that of gcy-14 expressing the wild-type GCY-14 ( Figures 3C, 3D, and S3D) . Together with results of the domain-swapping experiments described above, these results demonstrate that His-174 in the ECD of GCY-14 plays a vital role in alkaline pH sensing but not in NaCl sensing.
GCY-14 as a Sensor Molecule for Environmental Alkalinity
To determine whether GCY-14 is sufficient to account for all of the environmental alkalinization-sensing capability, we ectopically expressed gcy-14 complementary DNA in alkalinityinsensitive neurons that are known to express TAX-2/TAX-4 CNG channels [16, 17] . We focused on ASG and ASI amphid chemosensory neurons, which are involved in gustation [37] and dauer formation (dauer larvae are a specialized larval form for long-term survival) [38, 39] , respectively, because these neurons were insensitive to a pH up-step from 6.8 to 10.0. When GCY-14 was ectopically expressed in these neurons, they were activated by the pH up-step ( Figures 4A, 4B , 
Wild type (18) gcy-14(pe1102) and S4A). We also expressed GCY-14 in ASER of unc-13 mutants because these do not manifest Ca 2+ transients. Although ASER of unc-13 mutants was not activated upon alkaline pH stimulation from 6.8 to 10.0, ASER ectopically expressing GCY-14 was activated ( Figures 4B, S4B , and S4C).
As described above, expression of GCY-14(H174Q) did not restore alkaline pH insensitivity of ASEL in gcy-14 animals, whereas expression of the mutant GCY-14 restored decreased sensitivity to NaCl of gcy-14 to the level of mutants expressing wild-type GCY-14. When GCY-14(H174Q) was ectopically expressed in ASG neurons of wild-type animals, furthermore, Ca 2+ transients in the ASG were enhanced by NaCl but were not observed at all by alkaline pH (Figures 4C and 4D ). These results demonstrate again that His-174 in the ECD of GCY-14 is essential to environmental alkalinity sensing but not to NaCl sensing. The results also strongly argue that GCY-14 accounts for C. elegans's environmental alkalinization sensory capacity through activation of CNG channels presumably by producing cGMP. However, it cannot be ruled out that another extracellular factor(s) recognizes environmental alkalinization and then binds to the ECD of GCY-14 for activation.
In the present study, we have found that the gustatory ASEL neuron serves as a sensor for environmental alkaline pH in C. elegans and that GCY-14 RGC in ASEL cilia plays an essential role for the sensing. We have also shown that the extracellular, but not the intracellular, domain of GCY-14 is required for sensing environmental alkalinity. Moreover, TAX-2 and TAX-4, subunits of a CNG channel, play a vital role in ASEL activation. These results indicate that upon activation by environmental alkalinization, GCY-14 in ASEL probably produces cGMP, which in turn opens CNG channels for activation of ASEL through Ca 2+ influx into the sensory neuron ( Figure 4E ). The ECD of RGCs analyzed to date recognizes only natriuretic peptide ligands [40] . The present work demonstrates that the ECD of GCY-14 plays a crucial role in sensing extracellular alkaline pH and that in addition to ion channels and G-protein-coupled receptors, RGCs also play an essential role in pH sensing by neurons.
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